riod. In addition, term infants who experienced length catchup in the first 6 months of life exhibited lower serum FGF21 levels at 6 months, and those with length catch-up growth between 6 and 12 months had a greater decrease of serum FGF21 level in the same time period. Conclusions: Our results indicate that FGF21 in infancy is inversely correlated with linear growth rate, thus suggesting that FGF21 is a negative regulator of human growth.
Introduction
Nutrition is one of the most important determinants of statural growth. Indeed, the most common cause of growth failure worldwide is malnutrition. While human and experimental evidence indicate that growth hormone (GH) insensitivity is a major hormonal mechanism underlying malnutrition-related poor growth, yet the molecular signals leading to GH insensitivity are illdefined.
Fibroblast growth factor 21 (FGF21) is a recently discovered member of the FGF family, primarily known to regulate multiple metabolic pathways. FGF21 is induced in the liver by fasting and its increased expression/activity leads to increased fatty acid oxidation and ketogenesis [1] . In obese or diabetic animals, FGF21 preserves β-cell function and mass, ameliorates steatosis, and improves leptin resistance [2] . Recent evidence also indicates that FGF21 may be an important regulator of growth. Transgenic mice overexpressing FGF21 exhibit reduced longitudinal bone growth and GH insensitivity [3] . Furthermore, it has been shown that sustained caloric reduction in mice leads to increased expression of FGF21 both in the liver and in the growth plate, which in turn results in reduced GH receptor binding and action, possibly through endocrine and paracrine effects of FGF21 [ 3, 4 ] .
Relatively little is known about the regulation of FGF21 in humans. Several recent reports showed that circulating FGF21 concentrations are increased in adults or adolescents who are overweight, have type 2 diabetes or have impaired glucose tolerance [4] . Interestingly, serum FGF21 levels are also elevated in individuals on a very low calorie diet [4] .
In addition, a recent study in girls with anorexia nervosa has shown increased serum FGF21 levels when adjusted for insulin sensitivity and body fat. In this study, FGF21 was positively associated with integrated concentrations of GH, thus suggesting that FGF21 may mediate a state of GH resistance in anorexia nervosa [5] . An earlier study reported lower FGF21 levels in women with anorexia nervosa compared to normal-weight women. However, FGF21 levels were not controlled for insulin resistance and body fat content, variables that are known to impact FGF21 levels [6] .
Based on this evidence, we hypothesized that FGF21 concentrations would be inversely related to growth rate in infancy. Specifically, we hypothesized that accelerated linear growth and weight gain, typically experienced by preterm infants during the first 12 months of life, would be associated with reduced serum FGF21 levels.
Subjects and Methods
All infants were recruited consecutively at birth from the neonatal unit at Hospital San Borja Arriaran. Two groups of infants were included. The first group (cross-sectional group) included 95 newborns whose cord blood was obtained for determinations of FGF21, glucose, insulin, and leptin. 55 of these newborns were the products of term pregnancies and 40 were born preterm (26-35 weeks of gestation).
The second group (longitudinal group) was composed of 80 newborns: 40 of them were products of term pregnancies (37-40 weeks of gestation) and 40 were born either preterm (<32 weeks of gestation) or with very low birth weight (VLBW <1,500 g). After enrollment at birth, these 80 infants were evaluated at 6 and 12 months of age by a pediatric endocrinologist at the Institute of Maternal and Child Research, Faculty of Medicine, University of Chile. Length and weight were measured by one nurse (A.A.).
An infant stadiometer was used to measure supine length. Weight was measured using a manual scale with a 10-gram gradation (Seca; QuickMedical, Snoqualme, Wash., USA). At 6 and 12 months, after an overnight fast of ≥ 6 h, a blood sample was obtained for the measurement of FGF21, glucose, insulin, and leptin concentrations. All samples were centrifuged immediately and stored at -70 ° C.
Newborns with a birth weight between the 10th and the 90th percentiles for gestational age were considered as AGA and below the 10th percentile as SGA. Exclusion criteria at birth and/or during the first year of life included medical, neurological, or genetic disorders or treatment with medications known to impair linear/ statural growth. Feeding practices for all the VLBW infants during the first weeks of life and until 1 year of CA have been described elsewhere [7] . One third of the term and preterm newborns were delivered by cesarean section and Apgar score at 5 min of all them was 9 or more.
This study was approved by the institutional review boards of the participating institutions. A parent or guardian of each study infant provided written informed consent.
Assays
Serum FGF21 was measured by ELISA (Millipore Corp., Billerica, Mass., USA). Serum insulin was measured using a commercial immunoradiometric (IRMA) assay and serum leptin by RIA assay. IRMA and RIA kits were purchased from DiaSource Immunoassays SA (Nivelles, Belgium). Intra-assay coefficients of variation (CVs) were 5.6% for FGF21, 3.8% for insulin and 4.6% for leptin. Inter-assay CVs were 7-9% for FGF21, 4.7% for insulin and 6.2% for leptin. In the RIA insulin assay, no cross-reactivity with proinsulin was declared by the manufacturer.
Calculations and Statistical Analysis
Weight and length at birth were converted into standard deviation scores (SDS) by using local growth curves based on national validated references for term [8] and for preterm growth [9] . Thereafter, anthropometric measurements at 6 and 12 months of age were expressed as SDS according to the WHO growth standards [10] . Weight gain and linear growth were calculated for two time periods: 0-6 and 6-12 months.
Characteristics and anthropometric data are expressed as median with interquartile range (IQR), percentages, and the effect of infancy growth on later outcomes as estimated regression coefficients (βs) with 95% confidence interval (CI). Significant weight catch-up was defined as a change in weight, between zero and 12 months, >0.67 SDS, which represents the width of each percentile band in standard growth charts. Length catch-up was defined as a change in length >0.67 SDS during the same period [11] . Growth and metabolic parameters are expressed as median with IQR. Normal data distribution was tested using the Shapiro-Wilk test. Differences between groups were assessed by Student's t test or nonparametric test (Mann-Whitney U test) depending on the normality of the data and exact Fisher's test was 326 used for categorical variables. The correlation between length SDS or weight SDS changes (0-12, 0-6, and 6-12 months), variables and serum concentrations of hormones was evaluated using Spearman's correlation. The temporal evolution of height SDS was associated with the temporal evolution of growth and metabolic parameters by regression analysis for repeated measures estimated through mixed models. Changes in hormonal concentrations between 6 and 12 months were calculated using Kruskal-Wallis test with Bonferroni principle for multiple comparisons. Confidence intervals are level 95 and 5% significance. Data were analyzed with the statistical package STATA version 12.0.
Results

Growth Parameters
Changes in Weight over Time Anthropometric characteristics and gestational age of enrolled infants are presented in table 1 . Postnatal weight gain and linear growth in the first 12 months of life are presented in figures 1 and 2 , respectively. Between 0 and 6 months, we found no difference in weight gain SDS between term and preterm infants ( fig. 1 a) ; however, the weight gain in term-SGA infants was significantly greater than that in term-AGA ones ( fig. 1 b) . Between 6 and 12 months, weight gain SDS was greater in preterm than in term infants ( fig. 1 a) : weight gain SDS was greater in preterm-SGA compared to that of term-SGA infants, but it was not different between preterm-AGA and term-AGA ( fig. 1 b) .
Changes in Length over Time There was no difference in linear growth SDS between term and preterm infants in either the 0-6-or 6-12-month interval ( fig. 2 a) . We next evaluated the infants' linear growth according to both their gestational age and birth weight SDS ( fig. 2 b) . In the 0-6-month period, the length change SDS in term-SGA was greater than that in term-AGA, but no difference between these two groups was found in the 6-12-month period. No difference in length change SDS was noted between preterm-SGA and preterm-AGA, either in the 0-6-or 6-12-month period. When we compared the length change SDS between preterm-AGA and term-AGA, and between preterm-SGA and term-SGA (i.e. different gestational age and similar birth weight SDS), we found no difference in the 0-6-month period. In contrast, in the 6-12-month period, the length change SDS in preterm-AGA and preterm-SGA was significantly greater than that of term-AGA and term-SGA, respectively ( fig. 2 b) .
FGF21 Serum Levels
Comparison of FGF21 Serum Levels between Infants Grouped According to Their Gestational Age and Birth Weight SDS Mean ± SD and IQR (q25-q75) of serum FGF21 concentrations from cord blood (cross-sectional group) and at 6 and 12 months (longitudinal group) are shown in figure 3 . FGF21 was detectable in 93% of cord samples and in 100% of the 6-and 12-month samples (standard curve range 16-1,000 pg/ml).
At birth (cord blood), there was no difference in FGF21 levels between term and preterm ( fig. 3 a) , or between AGA and SGA (term or preterm) ( fig. 3 b) .
At 6 months, FGF21 in term infants was significantly greater than that of preterm infants ( fig. 3 a) , while at 12 months there was no difference between groups. In cord blood the FGF21 level was significantly associated with leptin levels (r = 0.41, p < 0.001), independent of gestational age or birth weight SDS. No association between FGF21 and leptin was detected at 6 or 12 months.
Correlations between FGF21 Serum Levels and Changes in Weight and Length First, we analyzed the correlation between changes of serum FGF21 and weight and length changes SDS in the 0-6-month period. In the whole cohort, we found a significant negative correlation between FGF21 and length change (r = -0.5, p < 0.05) and no correlation with the weight change. Next, we analyzed the correlation between In the whole cohort, we found a significant positive correlation between serum FGF21 changes and weight SDS changes during the 6-12-month period (r = 0.29, p = 0.01). While in this period there was no correlation between FGF21 and length SDS changes in the whole cohort (r = -0.19, p = 0.08), we found a significant negative correlation between FGF21 changes and length SDS changes in the preterm-AGA subgroup (r = -0.45, p < 0.04) ( fig. 4 ) .
Furthermore, we analyzed the correlation between serum FGF21 level and catch-up in length. Length catch-up (increase in length ≥ 0.67 SD) in the 0-12 month period was inversely associated to FGF21 at 12-months (r = -0.22, p < 0.05). The association almost reached statistical 5 ).
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In the 0-6-month period, 25% of all infants in the longitudinal group experienced length catch-up (9 term-SGA, 6 term-AGA, 7 preterm-SGA, 3 preterm-AGA). In term infants with length catch-up, FGF21 at 6 months was significantly lower than in term infants without length catch-up (102.3 pg/ml, range 89.2-227.1 vs. 293.7 pg/ml, range 115.9-489.7, p < 0.05).
In the 6-12-month period, 30 infants (37.5% of the longitudinal group) underwent length catch-up, 14 were born term (7 term-SGA/7 term-AGA) and 16 were born preterm (12 preterm-SGA/4 preterm-AGA). In all infants with length catch-up in the 6-12-month period, median (IQR) serum FGF21 change (decrease) was greater than that seen in infants without length catch-up (21.9 pg/ml, range -0.7 to 62.4 vs. 6.5 pg/ml, range -17.5 to 169), but the difference did not reach statistical significance (p = 0.07). However, in the subgroup of term infants with length catch-up, the FGF21 decrease was significantly greater than that of term infants without length catch-up (117.8 pg/ml, range 13.3-428 vs. 27.6 pg/ml, range 0.0/131.8, p < 0.05). No difference was found in the preterm group.
Lastly, we developed a mixed model with repeated measures to analyze the evolution of length SDS changes during the 0-12-month period, based on serum concentrations of insulin, leptin, and FGF21 (online suppl. table; www.karger.com/doi/10.1159/000367922). Each unit of insulin (μIU/ml) concentration at 12 months and the increase in insulin concentrations (6-12 months) was associated with a shorter length SDS of 0.536 (p < 0.01) and 0.027 (<0.05) units, respectively; each unit of increase in leptin concentrations at 12 months was associated with an increase in length SDS of 0.024 (p < 0.001).
Discussion
To the best of our knowledge, this is the first study aimed at analyzing the correlation between longitudinal change of serum FGF21 levels during the first year of life, linear growth, and other metabolic factors in infants born at different gestational ages and birth weight SDS. FGF21 acts both as an endocrine factor and as a paracrine growth factor. Experimental evidence in rodents has previously suggested that FGF21 may contribute to regulate bone growth. Transgenic mice overexpressing FGF21 exhibit a smaller size and shorter tibial bones [3] . Furthermore, mice undergoing sustained food restriction experience reduced bone growth and increased FGF21 expression in the liver and in the growth plate [12] ; in contrast, FGF21 knockout mice exposed to the same degree of food restriction are characterized by spared bone growth [13] . Based on these findings, it would appear that FGF21 is a negative regulator of bone growth.
In our longitudinal cohort, we found a substantially similar linear growth rate in the first 6 months of life when we compared term and preterm infants; in contrast, in the 6-12-month period, preterm infants grew significantly faster than term infants, and both preterm-SGA and preterm-AGA grew more than term-SGA and term-AGA, respectively. In other words, linear growth of term infants progressively decelerated while that of preterm infants accelerated during the first year of life.
At birth (cord blood), there is no difference in FGF21 levels between term and preterm, or between AGA and SGA, suggesting that length of gestation and prenatal growth may not be associated with FGF21 secretory pattern and/or action. Another possible explanation is that perinatal factors, such as those related to the 'stress' of delivery, may neutralize any possible differences in FGF21 serum levels occurring prenatally.
In the 0-6-month period, in the whole cohort of infants, serum FGF21 was inversely correlated to the length change SDS (i.e. greater linear growth was associated with lower serum FGF21), and such a significant inverse correlation persisted in the preterm-AGA group in the 6-12-month period. Consistent with this finding, term infants experiencing catch-up growth in the first 6 months of life exhibited lower serum FGF21 levels at 6 months, and those with catch-up growth between 6 and 12 months had a greater decrease of serum FGF21 level in the same time period.
Regarding the mechanisms linking lower FGF21 levels and an accelerated linear growth, previous evidence implicates a possible interaction between insulin sensitivity and FGF21 expression. In adults, serum FGF21 concentrations are positively associated with serum insulin and HOMA-IR, thus suggesting a positive correlation with insulin-resistant states [14 , 15] . In our cohort, at 12 months of age, serum insulin levels were significantly associated with shorter length SDS, suggesting that hyperinsulinemia secondary to insulin resistance is correlated with reduced linear growth in infancy. However, we found no correlation between serum FGF21 and insulin levels, either at 6 or at 12 months of age. With respect to the effects of FGF21 on bone growth, our previous studies in animals implicate a FGF21-dependent GH-resistant state as a causative mechanism of reduced bone growth [13 , 16] .
In support of these animal findings, in adults with anorexia nervosa, FGF21 is directly correlated with serum GH and inversely correlated with IGF-I levels [5] . We did not assess IGF-I in our cohort and thus the relationship of FGF21 with IGF-I remains speculative.
This study has several strengths. First, these observations were carried out in a cohort of term and preterm healthy children from a well-defined area in Santiago, Chile. As a consequence of the strong demographical stratification in this city, our study is an excellent indicator of ethnical and socioeconomical homogeneity [17] . Second, we were able to prospectively monitor anthropometric and laboratory data in a cohort of infants followed for the first year of their life.
The study has limitations as well. We were not able to obtain cord or early postnatal blood samples in the infants followed longitudinally in order to determine whether differences in FGF21 levels detected at 6 months of age were already present at birth. In addition, our sample included a relatively small number of subjects.
In conclusion, our findings suggest that circulating FGF21 levels are inversely correlated with linear growth velocity in infants during their first year of life, and such correlation does not depend on gestational age or birth weight SDS. Due to the importance of FGF21 as a metabolic regulator during states of undernutrition, our findings suggest a causative role for FGF21 in nutritional stunting, which is the most common type of growth failure in the world. Yet, these findings do not enable us to shed light on the hormonal/molecular mechanisms linking FGF21 action and linear growth in humans. We believe that future studies based on a larger population sample followed since birth, and including the evaluation of a wider range of growth-regulating factors and more specific markers of insulin sensitivity, are warranted.
